Abstract: This paper studies decentralized control design problem for uncertain linear system. Decentralized control design procedure is proposed for static output feedback control which is based on solving robust control design problems of subsystems' size. The presented approach uses so called equivalent subsystems to consider the interactions in the local robust controller design. The resulting decentralized control scheme has been successfully tested on the linearized model of three interconnected boiler-turbine subsystems.
INTRODUCTION
Decentralized control has become effective tool for control design for large scale systems during past decades. Robustness is one of the attractive qualities of decentralized control scheme, since such control structure can be inherently resistant to a wide range of uncertainties both in subsystems and in the interconnections. Considerable effort has been made to consider robustness issues in decentralized control structure and decentralized control design schemes, e.g. Stankovič et al. (2007) , Šiljak and Stipanovič (2000) , Šiljak (1978) , Zečevič and Šiljak (2004) , Rosinová and Veselý (2007) . The upper bound on nonlinear terms or/and interactions is extensively used in decentralized control design approaches based on Lyapunov stability conditions, e.g. Stankovič et al. (2007) . To receive computationally tractable results for large scale systems, LMI formulation gains notable interest. In Zečevič and Šiljak (2004) , design of static output feedback using LMI is proposed, based on Lyapunov stability and factorization of the respective matrices to receive linear formulation. The above approaches compute decentralized control by a solution of the problem of the overall system's size. To reduce the problem size in decentralized control design for large scale systems, the diagonal dominance or block diagonal dominance concept can be adopted. Recently, the so called Equivalent Subsystems Method has been developed for decentralized control in frequency domain Kozáková. and Veselý (2003) . The main concept of the Equivalent Subsystems Method, originally developed as a Nyquist based frequency domain decentralized controller design technique, is the so called equivalent subsystem; equivalent subsystems are generated by shaping Nyquist plot of each decoupled subsystem using any selected characteristic locus of the matrix of interactions. The important point in this approach is that the controllers of equivalent subsystems can be independently tuned for stability (and specified feasible performance) according to specified stability and/or performance indices (e.g. degree of stability, overshoot,...), so that the resulting decentralized controller guarantees the same stability/performance indices for the full system. In this paper an analogy of equivalent subsystems' approach is proposed for decentralized control design in state space. The major advantage is that the overall control problem is reduced to the subsystems' size; on subsystem level we adopt robust static output feedback control design, the interaction bound is considered via subsystem stability degree. In the illustrating example, the proposed decentralized control design strategy is applied to design decentralized robust PI controller for an interconnected system of boiler-turbines.
PRELIMINARIES AND PROBLEM FORMULATION
We start with decentralized robust control problem formulation. Consider an interconnected system, where subsystems with polytopic uncertainty are assumed, described by
where
are the subsystem state, control and output vectors respectively; are from polytopic uncertainty domains 
The whole interconnected system in the compact form is then S: 
are overall system matrices of corresponding dimensions.
In the following we consider a concept of a system matrix stability degree. 
We assume that each subsystem S i can be stabilized by a static output feedback (SOF) with the prescribed stability degree.
We study the problem to find the decentralized stabilizing SOF controller for the overall system S, described by control law
based on local robust controllers design, so that only problems of subsystem's dimension have to be solved.
Let us recall recent results on robust SOF controller design (which will be used on subsystem level), Peaucelle et al., (1999) , Rosinová and Veselý (2006) .
Consider the individual ith subsystem without interconnections:
with SOF controller in the form (6). The respective closed loop subsystem can be written as
. (9) We use a robust stability notion based on the parameter dependent Lyapunov function (PDLF) 0 wherẽ ) (
Lemma 1

If there exist matrices
, and K symmetric positive definite matrices
then the closed loop system (8) is robustly stable.
Note that matrices H i and G i are not restricted to any special form, they were included to relax the conservatism of the sufficient condition.
When PID controller is designed, the augmented state vector is used to include the integral part. Let the PID controller for individual subsystem (7) be given by
where i I C is output matrix for integral part and C Di for derivative part of the subsystem controller.
An auxiliary state vector is defined as
, thus proportional and integral terms can be included into the augmented state vector and the resulting closed loop subsystem with PI controller is described by
The robust stability condition for PID controller (13) analogous to (11) has been derived in (Rosinová and Veselý, 2006) :
Condition (14) can be directly extended to include quadratic cost function for individual subsystems, details can be found in Rosinová and Veselý, (2006) .
Let us now turn our attention to the overall system stability.
The following result on perturbed eigenvalues of a matrix is inspiring for considering interactions in subsystem control design.
Lemma 2 (Lancaster and Tismenetsky 1985) Let
is a square matrix with n different eigenvalues: We consider 2-norm of matrices: P = the largest singular value of P, and the respective condition number (the ratio of the largest singular value of P to the smallest one).
Remark 1: In Lemma 2, A can be considered as a nominal matrix and B as a disturbing one, then Lemma 2 shows how the eigenvalues of A are disturbed by adding the "disturbance" matrix B. Concerning interconnected system, A and B can represent the block diagonal part A d corresponding to individual subsystems and interaction part A m respectively.
DECENTRALIZED ROBUST CONTROL DESIGN
The proposed decentralized control design strategy is based on the design of local robust controllers. The main aim is to develop the design procedure on subsystems level, so that by a solution of N robust control problems of subsystems' size, the stabilizing decentralized control for overall system is obtained. This approach has been motivated by Equivalent Subsystems Method proposed in Kozáková and Veselý (2003) for decentralized control in frequency domain: the crucial point is to find a suitable representation of interactions in the subsystem controller design and use a subsystem stability degree as a stabilizing tool.
Let us now describe the decentralized control design procedure. Consider the interconnected system S (4) consisting of N subsystems S i (1), where isolated subsystems are described by S i0 (7). For each S i0 , an equivalent subsystem is defined by its system matrix can be formulated by LMI as
Finally, the stability of the overall closed loop system is checked, if it is not stable, the design is repeated for the increased ) (α p . It must be noted, that the described procedure is still under research and thus can be considered as a possible design alternative for systems with weak interconnections.
The whole decentralized controller design for interconnected system (4) can be summarized as follows.
(ii) Compute equivalent subsystems (16) (11) and (17) for unknown
. (iv) Check the overall system robust stability, if the overall system is not robustly stable, repeat for increased ) (α p .
(The above procedure can be applied also in some cases when system input matrix B is not diagonal and its off diagonal blocks has "weaker" influence on the closed loop system than its diagonal blocks, then repeating the step (iv) in iterative way may provide reasonable solution.)
Note, that the controller design requires computations respective to subsystems size, which enables a solution of high dimension problems. In our case, the subsystem SOF robust controller is designed by solving BMI, which cannot be realized for the dimensions of the overall system.
EXAMPLE: BOILER-TURBINE MODEL
The proposed decentralized control design procedure has been used to design PI decentralized controller for a linearized model of three interconnected subsystems: boilerturbines. To simplify the description we consider three identical subsystems.
The boiler-turbine dynamics can be described by nonlinear model of 3 rd order, Tan et al. (2005) , Wu et al. (2010) . For individual subsystems we use the linearized model derived in Wu et al. (2010) , respective to one of operating points. The isolated subsystem dynamics is described by (7), subsystem
are from polytopic uncertainty domains given by (2), or (3) As stated above, we consider three identical boiler-turbine subsystems with interactions, the overall system model being in the form Since a tight regulation around the working point is required, a PI controller is used for all outputs. Thus, the augmented subsystem with PI controller is according to (13)
Though the state feedback control is to be designed, the task is not trivial due to integral character of the subsystems and required PI controller structure. (For comparison, we tried the robust SOF controller design approach proposed in Zečevič and Šiljak, (2004) , however we have not received reasonable results for this example.)
We designed the decentralized PI controller using the procedure described in previous section. To form equivalent subsystems (16), we use p=0.1. The subsystem robust controllers designed for equivalent subsystems by a solution of (11) and (17) The resulting closed loop interconnected system is stable with maximum real part of system eigenvalues -0.0502. It should be noted, that the local subsystem controllers can be designed simultaneously.
Simulation results for closed loop interconnected system are illustrated on the responses of the first subsystem.
Step responses of output variables are in Fig.1 , 2, 3. A proposed decentralized control approach reduces the control problem size to subsystem level using the concept of equivalent subsystems. The design strategy has been tested on various examples; the one presented in this article consists of three boiler-turbine subsystems with integral action, for which a robust PI controller has been designed. There is still many open questions starting with appropriate evaluation of interaction framework in the equivalent subsystem, feasibility or convergence, nevertheless, based on testing examples, the proposed control design scheme is believed to indicate the alternative in decentralized control, which can bring useful results.
